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Reducing C-Terminal-Truncated Alpha-Synuclein by
Immunotherapy Attenuates Neurodegeneration and
Propagation in Parkinson’s Disease-Like Models
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Parkinson’s disease (PD) and dementia with Lewy bodies (DLB) are common neurodegenerative disorders of the aging population,
characterized by progressive and abnormal accumulation of a-synuclein (a-syn). Recent studies have shown that C-terminus (CT)
truncation and propagation of a-syn play a role in the pathogenesis of PD/DLB. Therefore, we explored the effect of passive immunization
against the CT of a-syn in the mThyl-a-syn transgenic (tg) mouse model, which resembles the striato-nigral and motor deficits of PD.
Mice were immunized with the new monoclonal antibodies 1H7, 5C1, or 5D12, all directed against the CT of a-syn. CT «-syn antibodies
attenuated synaptic and axonal pathology, reduced the accumulation of CT-truncated a-syn (CT-a-syn) in axons, rescued the loss of
tyrosine hydroxylase fibers in striatum, and improved motor and memory deficits. Among them, 1H7 and 5C1 were most effective at
decreasing levels of CT-a-syn and higher-molecular-weight aggregates. Furthermore, in vitro studies showed that preincubation of
recombinant a-syn with 1H7 and 5C1 prevented CT cleavage of a-syn. In a cell-based system, CT antibodies reduced cell-to-cell propa-
gation of full-length a-syn, but not of the CT-a-syn that lacked the 118 -126 aa recognition site needed for antibody binding. Further-
more, the results obtained after lentiviral expression of a-syn suggest that antibodies might be blocking the extracellular truncation of
a-syn by calpain-1. Together, these results demonstrate that antibodies against the CT of a-syn reduce levels of CT-truncated fragments
of the protein and its propagation, thus ameliorating PD-like pathology and improving behavioral and motor functions in a mouse model

of this disease.
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Introduction

Neurodegenerative conditions with neuronal accumulation of
a-synuclein (a-syn) are common causes of dementia and move-
ment disorders in the aging population (Savica et al., 2013). This
group of disorders includes idiopathic Parkinson’s disease (PD),
PD dementia (PDD), and dementia with Lewy bodies (DLB),
jointly known as Lewy body diseases (LBDs; McKeith, 2000).
a-syn is a 140 aa protein (Uéda et al., 1993; George et al., 1995;
Weinreb et al., 1996) found at the presynaptic terminals (Iwai et
al., 1995b) that may be involved in synaptic plasticity (Murphy et
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al., 2000). Abnormal a-syn accumulation in synaptic terminals
(Kramer and Schulz-Schaeffer, 2007; Roy et al., 2007; Bellucci et
al., 2012) and axons (Games et al., 2013) plays an important role
in LBD (Iwatsubo et al., 1996; Trojanowski and Lee, 1998;
Hashimoto and Masliah, 1999; Lansbury, 1999), and an increas-
ing body of evidence supports the notion that a-syn oligomeriza-
tion (Conway et al., 1998; Tsigelny et al., 2008; Winner et al.,
2011; Lashuel et al., 2013) and fibril growth (Oueslati et al., 20105
Taschenberger et al., 2012) have central roles in the pathogenesis
of PD and other a-synucleinopathies (Galvin et al., 2001). More-
over, a-syn oligomers can be released by neurons and lead to
neurodegeneration and inflammation by propagating to other
neurons (Desplats et al., 2009; Brundin et al., 2010; Lee et al.,
2012) and glial cells (Lee et al., 2010). Recent studies have also
shown that C-terminus (CT) truncation of a-syn results in the
formation of toxic fragments and facilitates a-syn oligomeriza-
tion and propagation (Mishizen-Eberz et al., 2003; Li et al., 2005;
Dufty et al., 2007; Michell et al., 2007).

Currently, there are no disease-modifying therapies available
for a-synucleinopathies, but potential strategies might include
reducing a-syn expression or aggregation, or increasing its clear-
ance via chaperones, the proteasome, or autophagy (Stefanis,
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2012; Lashuel et al., 2013). We have shown previously that active
immunization with a-syn protects against neurodegeneration
and reduces a-syn accumulation by promoting its degradation
vialysosomal pathways (Masliah et al., 2005). In addition, passive
immunization with antibodies against a-syn reduces memory
and neurodegenerative deficits by promoting clearance of a-syn
via autophagy (Masliah et al., 2011) or microglia (Bae et al,,
2012). Immunization might also be of therapeutic value by re-
ducing a-syn propagation (Bae et al., 2012; Valera and Masliah,
2013) or CT truncation of a-syn. Therefore, we investigated the
utility of passive immunization with novel antibodies that target
the CT region of a-syn in the mThyl-a-syn transgenic (tg)
mouse model, which shows accumulation of CT-cleaved a-syn
(Games etal., 2013) and degeneration of the striato-nigral system
(Chesselet et al., 2012) accompanied by motor deficits (Fleming
et al., 2004). Immunotherapy reduced the accumulation of CT-
truncated a-syn and improved axonal and motor deficits by pro-
tecting a-syn from CT cleavage. Furthermore, the antibodies that
reduced CT truncation also reduced cell-to-cell propagation of
a-syn. Immunization with antibodies targeting the CT trunca-
tion site of a-syn might have therapeutic potential, not only as
a-syn-reducing agents, but also as inhibitors of its pathological
propagation.

Materials and Methods

Transgenic mouse model and passive immunization. Mice overexpressing
human a-syn under the mThyl promoter (mThyl-a-syn, line 61) were
used (Rockenstein et al., 2002). This model was selected because mice
develop behavioral motor deficits (Fleming et al., 2004), axonal pathol-
ogy, and accumulation of CT-cleaved a-syn and aggregates in cortical
and subcortical regions (Games et al., 2013), thus mimicking PD
(Masliah et al., 2001; Rockenstein et al., 2007). A total of 70 a-syn tg and
14 non-tg mice, all of them 6 months old and female, were included in
this randomized, double-blind study. The a-syn tg mice were immu-
nized weekly, for 6 months, with an injection (10 mg/kg, i.p.) of the novel
IgG1 a-syn antibodies 1H7 (syn aa 91-99), 5C1 (syn aa 118—-126), 5D12
(syn aa 118-126), or control IgG1 (27-1) (n = 14 per group). Mice were
also immunized with the antibody 9E4 (syn aa 118-126) as a reference
control because we have shown previously that this antibody was effec-
tive for passive immunization in a DLB mouse model (Masliah et al.,
2011). 1H7 was generated using recombinant a-syn. 5D12 was generated
against CGG-VDPDNEAYE (syn aa 118-126), in which the CGGs are
artificial and used to couple via maleamide linkage to sheep anti-mouse
IgG. 5C1 was generated against VDPDNEAYE-GGC using the same
linker to couple it to sheep anti-mouse IgG. Non-tg mice were treated
with control IgG1 only (27-1; n = 14). Blood samples were taken once a
month and antibody titers were monitored by ELISA. Affinity of the
antibodies to a-syn was measured by surface plasmon resonance (Bia-
core). The purified antibodies were covalently immobilized to a CM5 sensor
chip via amine group using the amine coupling kit such that the maximum
binding of a-syn would not exceed 50— 80 resonance units. Various concen-
trations of a-syn were flowed over the sensor until the higher concentrations
resulted in equilibrium binding and were then allowed to dissociate until at
least 10% of total bound a-syn had dissociated. Data were blank-substracted
and then analyzed using a global 1:1 fit.

Mice were tested behaviorally at the end of the immunization proto-
col. Brains and peripheral tissues were removed and brains were divided
sagitally. The right hemibrain was postfixed in phosphate-buffered 4%
paraformaldehyde, pH 7.4, at 4°C for 48 h for neuropathological analysis.
The left hemibrain was snap-frozen and stored at —70°C for subsequent
RNA and protein analysis. All experiments described were approved by
the animal subjects committee at the University of California San Diego
(UCSD) and were performed according to the National Institutes of
Health’s Guide for the Care and Use of Laboratory Animals.

Behavioral testing. mThy1-a-syn tg mice have been shown to accumu-
late a-syn in the striato-nigral system (Games et al., 2013) and to display
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dopaminergic loss (Chesselet et al., 2012) and motor deficits in the hor-
izontal beam test (Fleming et al., 2004). The round beam test allows for
the assessment of gait and balance impairments through distance trav-
eled in an allotted amount of time over a round beam placed horizon-
tally. As described previously (Ubhi et al., 2010), 3 consecutive trials, 1
min each, were run in 1 d. The total forward distance traveled and the
numbers of foot slippages were recorded. Speed on the beam was calcu-
lated as distance traveled/time and errors on the beam were calculated as
foot slips/distance traveled.

In patients with DLB/PD, CT-truncated and oligomeric a-syn not
only accumulate in subcortical regions, but also in the limbic system,
resulting in cognitive deficits in these patients (Dickson, 2001). In the
mThyl-a-syn tg mice, CT-truncated and oligomeric a-syn accumulates
in synapses and axons in the temporal cortex and hippocampus (Games
etal., 2013). To evaluate spatial learning and memory, mice were tested
in the water maze (Masliah etal., 2011). Briefly, a pool (diameter 180 cm)
was filled with opaque water (24°C) and mice were first trained to locate
a visible platform (days 1-3) and then a submerged hidden platform
(days 4-7) in 3 daily trials that were 2—3 min apart. Mice that failed to
find the hidden platform within 90 s were placed on it for 30 s. The same
platform location was used for all sessions and all mice. The starting point
at which each mouse was placed into the water was changed randomly
between two alternative entry points located at a similar distance from
the platform. In addition, on the final day of testing, the platform was
removed and the time spent by mice in the correct quadrant was mea-
sured (probe test). Time to reach the platform (escape latency) was re-
corded with an ANY-Maze video tracking system (San Diego
Instruments) set to analyze two samples per second.

ELISA analysis of brain and plasma antibody concentrations. Antibody
levels in the brain and plasma of immunized mice were determined as
described previously (Masliah et al., 2005). Briefly, 96 well microtiter
plates coated with 0.4 ug per well of purified full-length a-syn were used.
Samples were incubated overnight, followed by goat anti-mouse IgG
alkaline phosphatase-conjugated antibody (1:7500; Promega). The plate
was read at wavelengths of 450 and 550 nm. Results were plotted on a
semilogarithmic graph with relative fluorescence units versus serum di-
lution. Antibody titer was defined as the dilution at which there was a
50% reduction from the maximal antibody signal.

Immunoblot analysis. As described previously, brains were homoge-
nized and divided into cytosolic and particulate (membrane) fractions
(Spencer etal., 2009; Crews et al., 2010). For immunoblot analysis, 20 ug
of total protein per lane was loaded into 4—12% Bis-Tris SDS-PAGE gels
and blotted onto PVDF membranes. To determine the effects of the
immunotherapy in a-syn levels, blotted samples from treated c-syn tg
mice were probed with antibodies against CT-a-syn (SYN105; Games et
al., 2013), full-length (FL)-a-syn (rabbit polyclonal 1:1000; Millipore),
a-syn (monoclonal 1:1000; BD Biosciences; Masliah et al., 2011),
synaptophysin (SY38, 1:1000; Millipore), and PSD-95 (K28/43, 1:1000;
NeuroMab). Incubation with primary antibodies was followed by
species-appropriate incubation with secondary antibodies tagged with
horseradish peroxidase (1:5000; Santa Cruz Biotechnology), visualiza-
tion with enhanced chemiluminescence and analysis with a Versadoc XL
imaging apparatus (Bio-Rad). Analysis of B-actin (Sigma) levels was used
as a loading control.

Calpain-1-mediated degradation assay of a-syn and antibody testing. 1
g of recombinant FL a-syn was digested with 0.2 U of calpain-1 in
buffer (40 mm HEPES; 1 mMm CaCl,) at 37°C for 0, 10, and 40 min in the
absence or presence of 27-1, 9E4, 1H7, 5C1, or 5D12 (1 mg/ml) and then
incubated overnight at 4°C. Control experiments included incubation
with the calpain inhibitor Calpeptin at 40 um. A total of 5 ul of loading
dye was then added to each sample, followed by heat for 10 min at 70°C,
and 15 ul were loaded onto SDS-PAGE gels and analyzed by immuno-
blot. Blots were probed with antibodies against FL-a-syn and CT-a-syn,
followed by incubation with species-appropriate secondary antibodies
tagged with horseradish peroxidase (1:5000; Santa Cruz Biotechnology),
visualization with enhanced chemiluminescence, and analysis with a
Versadoc XL imaging apparatus (Bio-Rad).

Immunohistochemical and neuropathological analysis. Analysis of
a-syn accumulation was performed in serially sectioned, free-floating
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Figure 1.  New antibodies directed against the CT of c-syn recognized cx-syn by immunoblot and immunohistochemistry in

a-syn tg mice. A, Schematic representation of the ce-syn molecule and binding sites of CT «-syn antibodies TH7 (aa 91-99), 9E4
(aa118-126),5C1 (aa 118 —126),and 5D12 (aa 118 —126). The protease cleavagesite (118 —122) is also depicted. B, Inmunoblot
analysis of non-tg, PDGF-ce-syn tg, and mThy1-c-syn tg brain homogenates probed with TH7, 94, 5C1, or 5012 antibodies. The
14kDa band is monomeric ce-syn and the 12 kDa band is CT-ce-syn. Higher-molecular-weight bands correspond to different c-syn
oligomers. Actin was used as a loading control. , mThy1-ce-syn tg mouse brain sections were immunostained with the (T a-syn
antibodies TH7, 9E4, 5C1, or 5D12. Antibody binding was detected using a FITC-tagged secondary antibody. Scale bar, 10 pem.
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Stereological analysis and image analysis of
neocortical and hippocampal intraneuronal
FL-a-syn and CT-a-syn immunoreactivity
was conducted by the dissector method using
the Stereo-Investigator System (MBF Biosci-
ence) and the results were averaged and ex-
pressed as cell counts per 0.1 mm>. Neocortical
and hippocampal FL-a-syn and CT-a-syn im-
munoreactive neuropil was assessed in digital
images analyzed with ImageQuant software
(GE Life Sciences) by selecting an area to ex-
clude cell bodies, setting the threshold levels,
and expressing the data as pixel intensity (arbi-
trary units).

Double immunolabeling. To determine the
colocalization between CT-a-syn and the neu-
rofilament marker SMI312, double-labeling
experiments were performed as described pre-
viously (Spencer et al., 2009). Vibratome sec-
tions were immunolabeled with the CT-a-syn
antibody SYN105 (1:500; Millipore) and the
a-syn immunoreactive structures were de-
tected with the Tyramide Signal Amplification-
Direct (Red) system (1:100; NEN Life Sciences).
SMI312 was detected with an FITC-tagged an-
tibody (1:75; Vector Laboratories). Colocaliza-
tion experiments for assessing propagation of
a-syn were performed with antibodies against
FL-a-syn or CT-a-syn detected with tyramide
red in B103 cells expressing GFP. All sections
were processed simultaneously under the same
conditions and experiments were performed in
triplicate to assess the reproducibility of re-
sults. Sections were imaged with a Zeiss 63X
(numerical aperture 1.4) objective on an Axio-
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vert 35 microscope (Zeiss) with an attached
MRC1024 LSCM (laser scanning confocal mi-
croscope) system (Bio-Rad; Masliah et al,
2000).

Lentiviral-vector-mediated expression of FL-
a-syn and CT-a-syn and in vitro propagation
assay. The full-length human a-syn cDNA was
cloned into the pcDNA3.1V5His vector, which
adds the V5 epitope tag and 6XHis tag to the
CT of the a-syn cDNA. Similarly, the CT-
truncated human a-syn (1-114) was also
cloned into the pcDNA3.1V5His vector. The
cDNAs containing either FL-a-syn or CT-a-
syn plus the V5-His tag were cloned into the
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Figure2.

vibratome sections. Sections were incubated overnight at 4°C with either
a polyclonal antibody against total a-syn (1:500, affinity-purified rabbit
polyclonal; Millipore; Masliah et al., 2000), an antibody against CT-a-
syn (SYN105; Games et al., 2013), an anti-GFAP antibody (1:500; Milli-
pore) or an anti-Ibal antibody (1:2000; Wako), followed by secondary
antibodies tagged with FITC or biotinylated (1:100; Vector Laborato-
ries), avidin D-HRP (1:200, ABC Elite; Vector Laboratories) and detec-
tion with the Tyramide Signal Amplification-Direct (Red) system (1:100;
NEN Life Sciences) or 3,3'-diaminobenzidine (Masliah et al., 2011). All
sections were processed simultaneously under the same conditions and
experiments were performed in triplicate to assess the reproducibility of
results.

Plasma antibody titers in passivelyimmunized ce-syn tg mice. Antibody titers (r.g/ml) determined by ELISAin ce-syn
tgmiceimmunized with the CT ae-syn antibodies 9E4, TH7, 5C1, or 5D12. For each antibody, different groups of mice were used and
individual animals within each group are represented by different colors. Antibody titers were measured every 3 weeks.

third-generation  self-inactivating lentiviral
vector plasmid (Tiscornia et al., 2006) with the
CMV promoter, producing the vectors LV-a-
syn-V5 and LV-CT-a-syn-V5. The lentiviral
vector expressing GFP has been described pre-
viously (Bar-On et al., 2008). Lentiviruses were
prepared by transient transfection in HEK293T cells
(Tiscornia et al., 2006).

For studying calpain-1 release, B103 neuro-
nal cells were infected with LV-a-syn-V5 and allowed to express the
construct up to 72 h. Cytosolic and membrane fractions and supernatant
media were analyzed for the presence of FL-a-syn (rabbit polyclonal,
1:1000; Millipore), CT-a-syn (SYN105), and calpain-1 (1:1000; Abcam)
by immunoblot.

For propagation experiments, B103 neuronal cells were plated on 10
cm tissue culture dishes and infected with LV-a-syn-V5, LV-CT-a-
syn-V5 or control lentivirus (LV-GFP) at a multiplicity of infection of 20.
Forty-eight hours after infection, cells were collected and replated in cell
culture inserts (PET membrane, 0.4 wm pore size, Falcon; Fisher Scien-
tific) at a density of 1 X 10° cells. Recipient (uninfected) B103 neuronal
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Figure3.  Immunohistochemical analysis of passively immunized c-syn tg mice with antibodies against FL c-syn or (T-truncated ce-syn. To determine the effects of passive immunization on
FL-ce-syn (A-C) or (T-ce-syn (D—F ) accumulation, immunohistochemical analysis using species-specific antibodies was conducted. 4, Top, Images of the neocortex and hippocampus of non-tg mice
immunized with control antibody 27-1 and ce-syn tg mice immunized with antibodies 27-1, 9E4, 1H7, 5C1, or 5D12. Sections were immunolabeled with an antibody against FL-c-syn. Bottom,
Higher-magnification images of the neocortex of the sections above. Scale bar, 30 um. B, Analysis of the levels of c-syn immunoreactivity in the neocortex, measured as optical density in sections
labeled with the FL-cx-syn antibody. €, Stereological analysis of the numbers of neocortical ce-syn-immunoreactive neurons stained with the FL-ce-syn antibody. D, Top, Images of the neocortex,
hippocampus, and striatum of non-tg mice immunized with control antibody 27-1and ce-syn tg mice immunized with antibodies 27-1, 94, 1H7, 5C1, or 5D12. Sections were immunolabeled with
the antibody SYN105 against CT-ce-syn. Bottom, Higher-magnification images of the striatum of the sections showed above. Arrows highlight ce-syn-positive granular-like structures. Scale bar, 5
. E, Analysis of the levels of c-synimmunoreactivity in the neocortex, measured as the percentage of neuropil area stained in sections labeled with the CT-c-syn antibody. £, Analysis of the levels
of a-syn immunoreactivity in the striatum, measured as the percentage of neuropil area stained in sections labeled with the CT-c:-syn antibody. Error bars represent == SEM. ***p << 0.001 when
comparing non-tg 27-1-immunized mice to ce-syn tg 27-1-immunized mice; #p << 0.05; ##p << 0.01; ###p < 0.001 comparing c-syn tg mice immunized with 27-1 with ce-syn tg miceimmunized
with 9E4, 1H7, or 5C1.

cells were plated at a density of 1 X 10° cells on
poly-lysine (Sigma)-coated glass coverslipsin a
12 well plate. Four hours after cells were plated Non-tg Ol'synuc'ei n tg
on either the coverslips or cell inserts, cultures
were combined so that the a-syn-expressing
cells (donor) were in the insert separated from 2741 271 9E4 1H7 5C1 5D12
the uninfected cells (recipient) plated on a cov- .
erslip by the 0.4 um membrane. Antibodies
27-1,9F4, 1H7,5C1, or 5D12 were added to the
incubation medium (1:100). Twenty-four
hours after coculture, immunocytochemistry
analysis was performed in the recipient cells.
Statistical analysis. All experiments were
performed blind coded and in triplicate. Val-
ues in the figures are expressed as means =
SEM. To determine the statistical significance, ~ Figure4. Binding of (T a-syn antibodies did not affect SYN105 immunoreactivity in ce-syn tg mice. To determine whether (T
values were compared using one-way ANOVA  «-synantibody binding blocked the binding of the (T-truncated ce-syn antibody SYN105, brain sections of non-immunized non-tg
with Tukey-Kramer post hoc test when com-  or a-syntg mice were preincubated with 27-1,9E4, 1H7,5C1, or 5012 antibodies (1:100) for 1 h and thenimmunostained with the
paring with the IgG1 control (27-1). Repeated-  (T-a-syn antibody SYN105. Representative images from the neocortex and striatum are shown. Scale bar, 15 m.
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Figure 5.  Immunoblot analysis of brain extracts of passively immunized c-syn tg mice with antibodies against full-length and CT-truncated c-syn. To examine the effects of immunization on

ac-syn protein levels, immunoblot analysis of non-tg mice immunized with 27-1 or ce-syn tg mice immunized with 27-1, 9E4, TH7, 5C1, or 5012 was performed. 4, B, Protein immunoblots were
probed with antibodies against total ce-syn (BD), FL-cx-syn, (T-ax-syn (SYN105), and actin as a loading control. The 14 kDa band is monomeric ce-syn and the 12 kDa band is CT-ce-syn. Higher
molecular weight bands correspond to different c-syn oligomers. €, Densitometric analysis of the c-syn immunoreactive bands as detected by the total ce-syn antibody (BD). D, Densitometric
analysis of the a-syn immunoreactive bands as detected by the FL-«-syn antibody. E, Densitometric analysis of the c-syn immunoreactive bands as detected by the (T-a-syn antibody (SYN105).
Error bars represent = SEM. (#) indicates p << 0.05 when comparing ce-syn tg mice immunized with 27-1 to «-syn tg mice immunized with 9E4, 1H7, or 5C1.

measures two-way ANOVA was used to analyze water maze results when
comparing antibody-treated mice with the non-tg or IgG1-treated con-
trols. The differences were considered to be significant at p < 0.05.

Results

Passive immunotherapy reduces the accumulation of CT-a-
syn in the cortex and striatum of mThyl-a-syn tg mice

For this study, new antibodies against the CT of a-syn were pre-
pared and investigated, including 1H7 (syn aa 91-99), 5C1 (syn
aa 118-126), and 5D12 (syn aa 118—126; Fig. 1A). The latter two
are similar in epitope to our previously described monoclonal
antibody 9E4 (Masliah et al., 2011) and were chosen to fully
explore the effects of CT «-syn antibodies on neuropathology
and behavior in a PD mouse model. The 9E4-like analogs 5C1
and 5D12 were raised using 10-mer peptides and have a linear
epitope; 1H7 and 9E4 were raised using FL recombinant a-syn.
Binding kinetic rates and affinities of the antibodies for a-syn
were measured by surface plasmon resonance (Biacore). All an-
tibodies had an equilibrium dissociation constant (K) in the
nanomolar range. 1H7 displayed the highest affinity for a-syn
(Kp = 9.6 nM) and 5C1 the lowest (K, = 85.7 nm); 9E4 and 5D12
showed similar affinity for a-syn (K, = 21.2 and 26.8 nMm, respec-
tively). To verify the ability of the antibodies to recognize a-syn,
blots containing brain homogenates from naive non-tg and
mThyl-a-syn tg mice were probed with the antibodies selected

for passive immunization (Fig. 1B). The 1H7 antibody recog-
nized a 14 kDa band consistent with monomeric a-syn in non-tg
and tg mice. Moreover, in the tg mice this antibody also recog-
nized a 12 kDa band, consistent with the N-terminal fragment of
a-syn following CT truncation, as well as higher-molecular-
weight bands representing potential oligomers (Fig. 1B). Like-
wise, the 5C1 and the 9E4 antibodies recognized 12 kDa, 14 kDa,
and higher-molecular-weight bands in the tg mice (Fig. 1). In
contrast, the 5D12 antibody recognized mostly the 14 kDa mono-
mer band and some higher-molecular-weight bands (Fig. 1B). By
immunohistochemistry, we observed that 1H7 immunostained
neuronal cell bodies and synapses in the brains of mThy1-a-syn
tg mice and a similar pattern of immunostaining, but to a lesser
extent, was observed with 5C1 and 5D12 (Fig. 1C).

Next, groups of 10—12 mThy1-a-syn tg mice were immunized
for 6 months with the new antibodies 1H7, 5C1, and 5D12, as well
9E4 (reference control) and 27-1 (nonimmune control). The
mThyl-a-syn tg mice (line 61; Rockenstein et al., 2002) were
selected because they display accumulation of CT-a-syn and oli-
gomers in cortical and subcortical regions (Games et al., 2013)
accompanied by cortico-limbic degeneration (Price et al., 2010),
striato-nigral pathology, and motor deficits (Chesselet et al.,
2012). Titers in plasma by ELISA demonstrated constant levels of
all 4 antibodies through the 6 months of immunization and,
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Figure 6.  Colocalization of the neurofilament marker SMI312 and the CT-ce-syn antibody SYN105 was reduced in passively immunized c-syn tg mice. To determine whether passive immuni-

zation altered the subcellular distribution of CT-cx-syn, double labeling of brain sections of non-tg mice immunized with 27-1 or c-syn tg mice immunized with 27-1, 94, TH7, 51, or 5012 was
performed using a neurofilament marker (SMI312) and the CT-cx-syn antibody SYN105. A, Representative confocal images of the neuropil in brain sections from non-tg mice immunized with 27-1
or a-syn tg mice immunized with 27-1, 94, 1H7, 5C1, or 5D12. Arrows indicate colocalization of the SMI312 signal with CT-cx-syn in neurofilament-like structures. Scale bar, 10 m. B, Analysis of
the percentage of colocalization between the neurofilament marker SMI312 and the CT-a-syn antibody SYN105. Error bars represent == SEM. ***p < 0.001 comparing non-tg 27-1-immunized
mice with ae-syn tg 27-1-immunized mice. ###p < 0.001 comparing c-syn tg mice immunized with 27-1 with c-syn tg mice immunized with 9E4, TH7, or 5C1.
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Figure7.  Passive immunization with CT c-syn antibodies improved synaptic pathology in cc-syn tg mice. The effect of passive immunization with CT ce-syn antibodies on synaptic markers was
evaluated in the neocortex, striatum, and hippocampus of non-tg mice immunized with 27-1 or c-syn tg mice immunized with 27-1, 9E4, 1H7, 5C1, or 5D12. 4, Brain sections were stained with an
antibody against synaptophysin (red) or an antibody against MAP2 (green), and representative fluorescence images are shown. Arrows highlight synaptic loss in the hippocampus of ce-syn tg mice.
Scale bar, 250 m. B, Analysis in neocortex of the percentage of area of the neuropil stained by the synaptophysin antibody. €, Analysis in striatum of the percentage of area of the neuropil stained
by the synaptophysin antibody. D, Analysis in neocortex of the percentage of area of the neuropil stained by the MAP2 antibody. E, Analysis of the percentage of neuropil stained by the MAP2
antibody in the CA3 area of the hippocampus. F, Immunoblot analysis of the synaptic markers PSD-95 and synaptophysin. Actin was used as a loading control. G, Densitometric analysis of the
PSD-95-immunoreactive bands. H, Densitometric analysis of the synaptophysin-immunoreactive bands. Error bars represent = SEM. *p << 0.05 and ***p < 0.001 comparing non-tg 27-1-
immunized mice with ce-syn tg 27-1-immunized mice; #p << 0.05, ##p << 0.01, ###p << 0.001 comparing a-syn tg mice immunized with 27-1to «-syn tg mice immunized with 9E4, TH7, or 5C1.

overall, antibody levels were higher with 1H7 and 5C1 than with
9E4 and 5D12 (Fig. 2).

To investigate whether immunotherapy with the new CT
a-syn antibodies 1H7, 5C1, and 5D12 reduced accumulation of
truncated a-syn, stereological analysis was performed with anti-
bodies against FL-a-syn and CT-a-syn (SYN105; Games et al.,

2013; Fig. 3). We observed a trend toward a reduction in number
of cells with intraneuronal accumulation of a-syn in the temporal
cortex of animals treated with 9E4 and 1H?7, although those dif-
ferences were not significant compared with IgG1 (27-1)-treated
a-syn tg mice (Fig. 3B). However, measurements of a-syn immu-
noreactivity in the neuropil showed a significant reduction in
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Passive immunization with CT ce-syn antibodies improved TH pathology and neuroinflammation in the striatum of ce-syn tg mice. To determine whether immunization with (T c-syn

antibodies rescued the loss of THfibers in ce-syn tg mice, brain sections of non-tg mice immunized with 27-1 or c-syn tg mice immunized with 27-1, 94, TH7, 5C1, or 5D12 were immunostained
with an antibody against TH. 4, Representative images of the substantia nigra and the striatum of non-tg mice immunized with 27-1 or ac-syn tg mice immunized with 27-1, 94, 1H7, 5C1, or 5012
immunostained with an antibody against TH. Scale bar, 50 pem. B, Cell counts of TH-immunoreactive neurons in substantia nigra. €, Optical density analysis of THimmunoreactivity in striatum. D,
To determine whetherimmunization with CT ae-syn antibodies reduced neuroinflammation in c-syn tg mice, brain sections of non-tg mice immunized with 27-1 or c-syn tg mice immunized with
27-1,9E4,1H7,5C1, or 5012 were immunostained with an antibody against GFAP (astrocytes) or Iba1 (microglia). Representative images of the striatum are shown. Scale bar, 250 m. E, Cell counts
of GFAP-immunoreactive cells in striatum. F, Cell counts of IbaT-immunoreactive cells in striatum. Error bars represent == SEM. **p < 0.07 and ***p << 0.001 comparing non-tg 27-1-immunized
mice with ae-syn tg 27-1-immunized mice; #p << 0.05, ##p << 0.01, ###p << 0.001 comparing ce-syn tg mice immunized with 27-1 with ce-syn tg mice immunized with 9E4, 1H7, or 5C1.

animals treated with the antibodies 9E4, 1H7, and 5C1, but not
with 5D12, compared with 27-1-treated a-syn tg mice (Fig. 3C).
Immunohistochemical analysis with the antibody SYNI105
against CT-a-syn, which recognizes abnormal a-syn aggregates
in the neuropil (Games et al., 2013), showed a significant reduc-
tion of these aggregates in both temporal cortex and striatum in
the a-syn tg mice treated with the 9E4, 1H7, and 5C1 antibodies
compared with a-syn tg mice treated with the IgG1 control 27-1
(Fig. 3E,F). Treatment with the antibody 5D12 resulted in a
significant reduction of CT-a-syn in neocortex, but not in stria-
tum (Fig. 3E, F). Given that mice were immunized with antibod-
ies against the CT of a-syn and sections were probed with the
SYN105 antibody, it could be argued that the reduced immuno-
reactivity observed in the treated mice could be the result of
antibodies against the CT of a-syn blocking the binding of
SYN105. To test this possibility, brain sections of untreated a-syn
tg mice were preincubated with 27-1, 9E4, 1H7, 5C1, or 5D12
(1:100) and then probed with SYN105 (1:1000; Fig. 4). Preincu-
bation with CT a-syn antibodies did not prevent the binding of
SYN105, thus confirming that the reduction observed after pas-
sive immunization is not due to antibodies blocking SYN105

binding. Furthermore, the antibodies did not recognize endoge-
nous murine a-syn in non-tg animals (Fig. 4), suggesting that
they are specific for human a-syn.

To corroborate the immunohistochemical results by an inde-
pendent method, we performed immunoblot analysis using two
commercial polyclonal antibodies against FL-a-syn and the an-
tibody SYN105 against CT-a-syn (Fig. 5). This analysis showed
that, compared with a-syn tg animals treated with 27-1 (control
IgG1), mice immunized with 9E4, 1H7, and 5C1, but not 5D12,
displayed reduced levels of FL--syn (14 kDa) and CT-a-syn (12
kDa) in brain homogenates (Fig. 5). Together, these results show
that 1H7 and 5CI1 show activity similar to 9E4 at reducing the
accumulation of CT-a-syn in the tg mice.

Reduced accumulation of CT-a-syn in immunized mThyl-a-
syn tg mice ameliorated the neurodegenerative pathology

We have shown previously that the SYN105 antibody can detect
CT-truncated neurotoxic a-syn aggregates in dystrophic neurites
in the a-syn tg mice, and this pathology is similar to what we
observed in the brains of DLB/PD patients (Games et al., 2013).
To determine whether passive immunization reduced accumula-
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sive immunization with CT antibodies
was able to reduce the axonal pathology
observed in the a-syn tg mice.

Next, we investigated whether immuni-
zation with the new antibodies against the
CT of a-syn ameliorated the neurodegen-
erative alterations in a-syn tg mice. Immu-
nohistochemical analysis demonstrated that
levels of synaptophysin, a presynaptic pro-
tein, and MAP2, a dendritic protein, were
reduced in 27-1-treated a-syn tg animals
compared with non-tg littermates (Fig. 7A).
Immunization with 9E4, 1H7, and 5C1, but
not 5D12, significantly increased the immu-
noreactivity for both synaptophysin and
MAP?2 in neocortex and striatum of a-syn tg
animals compared with 27-1-treated con-
trol, to levels not significantly different from
non-tg mice (Fig. 7B-D). Immunohisto-
chemistry results were further confirmed by
immunoblot (Fig. 7F-H ). Levels of synap-
tophysin were reduced in the 27-1-treated c-syn tg animals, and
vaccination with all antibodies except 5D12 significantly restored
synaptophysin to levels similar to non-tg animals (Fig. 7H ). Further-
more, levels of the postsynaptic density protein PSD-95 mimicked
the results obtained with synaptophysin (Fig. 7G), confirming the
restorative effects of the CT antibodies in the synaptic structure.

Parkinsonian features have been related to the loss of do-
paminergic neurons in the substantia nigra pars compacta and
of dopaminergic input to the striatum (Halliday, 2007). To
investigate the effects of passive immunization with the CT a-syn
antibodies on tyrosine hydroxylase (TH) levels, immunohisto-
chemistry was performed (Fig. 84). Immunization with 9E4,
1H7, 5C1, and 5D12 did not affect TH levels in the substantia
nigra of a-syn tg animals significantly (Fig. 8A,B). However,
immunization with 9E4, 1H7, and 5C1 prevented the loss of TH
in the striatum a-syn tg animals (Fig. 8 A, C). The same trend was
observed with 5D12, but in this case the increase was not statis-
tically significant.

Finally, we investigated whether passive immunization
with CT a-syn antibodies had an effect on ameliorating neuroin-
flammation by assessing astroglial and microglial cell counts in
a-syn tg animals treated with vehicle or with antibodies (Fig.
8D-F). mThyl-a-syn tg mice showed significant astrogliosis
(GFAP) and microgliosis (Ibal) compared with non-tg controls,
observed as an increase in glial cell counts in striatum (Fig. 8 E, F).
Passive immunization with 9E4, 1H7, or 5C1 significantly re-
duced glial cells numbers to values similar to those observed in
non-tg animals (Fig. 8 E,F), whereas 5D12 had no significant
effect. These results suggest that passive immunotherapy with CT
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Passive immunization with CT ce-syn antibodies improved behavioral deficits on c-syn tg mice. The effect of immu-
nization with (T ce-syn antibodies in learning and memory and motor performance was analyzed by water maze and the round
beam test. 4, Performance in the water maze (distance to the platform) with the platform submerged in non-tg mice immunized
with 27-1 or ae-syn tg mice immunized with 27-1, 9E4, 1H7, 51, or 5D12. B, Probe test performance, measured as the time spent
in correct quadrant by non-tg mice immunized with 27-1 or a-syn tg mice immunized with 27-1, 9E4, 1H7, 5C1, or 5D12. C,
Performance in the transversal round beam test, measured as slips per 10 cm in non-tg mice immunized with 27-1or ce-syn tg mice
immunized with 27-1,9E4, 1H7, 5C1, or 5D12. D, Average body weight in grams of non-tg mice immunized with 27-1 or c-syn tg
mice immunized with 27-1, 9E4, TH7, 5C1, or 5D12. Error bars represent = SEM. *p << 0.05 and ***p << 0.001 comparing non-tg
27-1-immunized mice with ce-syn tg 27-1-immunized mice; ##p << 0.01; ###p << 0.001 comparing ce-syn tg mice immunized
with 27-1to a-syn tg mice immunized with 9E4, TH7, or 5C1; &p << 0.05 comparing a-syn tg 9E4-immunized mice with a-syn tg

a-syn antibodies may also reduce the neuroinflammation asso-
ciated with a-syn toxicity.

Passive immunization with CT antibodies reduces the
behavioral alterations in mThyl-a-syn tg mice

To evaluate the effects of passive immunization with the a-syn
antibodies on memory and learning, mice were tested in the wa-
ter maze after the immunization period. During the initial train-
ing part of the test, when the platform was visible (days 1-3), all
groups performed at comparable levels as determined by
repeated-measures two-way ANOVA (data not shown). After the
cued platform session, the mice underwent 4 d of testing, during
which time the platform was submerged and hidden from view
(days 4-7). On the first day of testing with the hidden platform,
all groups performed comparably, indicating that that were all
able to swim and locate the platform (Fig. 9A). Over the next 3 d
of testing, the performance of the non-tg mice improved in terms
of the distance of their swim path and the time taken to locate the
platform. In contrast, the performance of the 27-1-treated a-syn
tg mice did not improve to the same extent (Fig. 9A) and a sig-
nificant difference was observed between the 27-1-treated a-syn
tg mice and non-tg mice. These results indicate that the a-syn tg
mice have a deficit in the learning and memory skills associated
with this task. Mice immunized with the 9E4, 1H7, and 5C1
antibodies took a significantly shorter path and time to locate the
hidden platform compared with 27-1-treated a-syn tg mice (Fig.
9A), indicating that passive immunization with those antibodies
was able to ameliorate the memory and learning deficits observed
in the 27-1-treated a-syn tg mice. The time taken for the 9E4-,
1H7-, and 5C1-immunized mice to find the submerged platform
did not differ significantly from that of the non-tg mice. In addi-
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Effect of T a-syn antibodies on calpain-11levels and activity and ce-syn-dependent release of calpain-1to the extracellular compartment. To investigate whether changes in (T-ae-syn

levels were associated with changes in enzymatic a-syn (T truncation, calpain-1 levels and activity were analyzed. A, Calpain-1 levels were measured by immunoblot in brains of non-tg mice
immunized with 27-1 or a-syn tg mice immunized with 27-1, 94, TH7, 5C1, or 5D12. Error bars represent == SEM. B, As a control, calpain-1-mediated spectrin degradation was measured in brains
of non-tg mice immunized with 27-1 or a-syn tg mice immunized with 27-1, 9E4, TH7, 5C1, or 5D12. Results are expressed as the densitometry ratio between degraded spectrin (=150 kDa) and
nondegraded spectrin (240 kDa). Error bars represent == SEM. C, Activity of calpain-1 was measured by analyzing the digestion rate of 1 r.g of recombinant FL-ce-syn using 0.2 U of calpain-1and
results were visualized by immunoblot. Control experiments included incubation with the calpain-1 inhibitor Calpeptin at 40 . The 14 kDa band is monomeric a-syn and the 12 kDa band is
(T-ae-syn. D, Location of c-syn and calpain-1and their release to the extracellular medium was analyzed in B103 cells 0, 24, 48, and 72 h after infection with a lentiviral construct expressing human
FL-ce-syn. Protein immunoblots were probed with antibodies against FL-ce-syn, CT-a-syn (SYN105), and calpain-1and actin was used as a loading control. The 14 kDa band is monomeric FL-ce-syn

and the 12 kDa band is (T-ce-syn.

tion, a-syn tg mice immunized with 9E4, 1H7, and 5C1, but not
5D12, spent longer periods in the target area compared with 27-
1-treated a-syn tg mice, as determined by one-way ANOVA (Fig.
9B). Importantly, the time spent in the correct quadrant by a-syn
tg mice immunized with the 9E4, 1H7, and 5C1 antibodies did
not differ from that of the non-tg controls (Fig. 9B).

We next determined whether motor deficits in a-syn tg mice
can be modified by passive immunotherapy. Transgenic and
non-tg controls mice were tested for motor performance and
coordination on the transversal round beam by recording errors
per step. Transgenic mice had significantly more errors in the
beam test compared with non-tg control mice, both treated with
the 27-1 IgG1 control antibody, consistent with previous reports
(Fleming et al., 2004). Conversely, mice immunized with 9E4 and
1H7 antibodies performed significantly better than a-syn tg mice
treated with 27-1 (Fig. 9C). Mice immunized with 5C1 and 5D12
did not show significant improvement compared with 27-1-
treated tg mice. Interestingly, mice treated with anti-a-syn anti-
bodies presented a trend to fewer errors than non-tg animals
treated with 27-1, although the differences were not significant
(Fig. 9C). The performance of mice in the beam test did not
appear to be a factor of body weight (Fig. 9D). Together, behavior
analysis results confirm that CT a-syn antibodies improve mem-
ory and motor deficits in this a-syn tg model of PD/DLB.

CT a-syn antibodies block cleavage of a-syn by calpain-1

Previous studies have shown that CT truncation of a-syn pro-
motes aggregation and toxicity (Murray et al., 2003; Volpicelli-
Daley et al., 2011). Because we found reduced CT-a-syn in the
immunized a-syn tg mice, it follows that the CT antibodies might
be blocking the machinery that results in truncation of a-syn. To
test this hypothesis, we analyzed expression levels and activity of

one of the proteases capable of truncating the CT of a-syn (Dufty
etal., 2007). We chose calpain-1 because cleavage by this enzyme
occurs exclusively within the CT region (Mishizen-Eberz et al.,
2005), probably due to this region remaining flexible and exposed
to proteases. Calpain-cleaved a-syn species colocalize with acti-
vated calpain in Lewy bodies and Lewy neurites, suggesting a link
between calpain cleavage and a-syn aggregation and pathology
(Dulfty et al., 2007; Games et al., 2013).

By immunoblot, it was determined that immunotherapy had
no effects on levels of calpain-1 immunoreactive band or calpain-
1-mediated spectrin degradation in vivo (Fig. 10A, B). We then
investigated the possibility that the antibodies might be blocking
the site of a-syn CT cleavage. For this purpose, recombinant
a-syn was digested with calpain-1 in the presence of the CT an-
tibodies. After 10 min of incubation, calpain-1 degraded a-syn,
resulting in the formation of bands of ~8—-12 kDa detectable with
the SYN105 antibody; the calpain-1 inhibitor Calpeptin blocked
this effect (Fig. 10C). Preincubation of a-syn with the 9E4, 1H7,
and 5C1 antibodies prevented calpain-1 cleavage similar to the
calpain-1 inhibitor. 5D12 also blocked calpain-1 cleavage, but to
a lesser extent. In contrast, pretreatment with the control anti-
body 27-1 did not prevent calpain-1 cleavage (Fig. 10C). These
results suggest that the mechanism of action of CT antibodies
might involve the protection of the CT of a-syn against enzy-
matic truncation.

Calpain-1 is normally an intracellular enzyme and, although
evidence suggests that anti a-syn antibodies can be internalized
in neurons overexpressing the protein (Bae et al., 2012), the in-
teraction between a-syn and antibodies has been proposed to
occur primarily in the plasma membrane or the extracellular
space (Dufty et al., 2007; Masliah et al., 2011). Therefore, we
investigated possible compartments (intracellular, membrane, or
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extracellular) in which antibodies could block the cleavage of
a-syn by calpain-1. For that purpose, we infected B103 cells with
lentiviruses expressing FL-a-syn and analyzed the presence of
FL-a-syn, CT-a-syn, and calpain-1 in cytosol, membrane, and
extracellular media 0, 24, 48, and 72 h after infection (Fig. 10D).
The location of FL-a-syn 24 and 48 h after infection was limited
to the cytosol and the membrane fraction, and CT-a-syn was
only observed in the membrane fraction (Fig. 10D). Interestingly,
72 h after infection FL-a-syn could also be observed in the extra-
cellular medium. This release was accompanied by a significant
presence of calpain-1 in the extracellular fraction. CT-a-syn was
also observed outside of the cell 72 h after infection. These results
show that accumulation of a-syn within neuronal cells leads to a
release of both a-syn and calpain-1 to the extracellular medium
and suggest this to be the location where antibodies might be
blocking a-syn CT truncation.

CT a-syn antibodies block the propagation of full-length a-
syn in vitro

Previous studies have shown that oligomerized a-syn (contain-
ing CT-truncated fragments) can be released from neurons and

propagate to other neuronal and non-neuronal cells (Desplats et
al., 2009; Lee et al., 2010). Moreover, recent studies have shown
that CT-a-syn participates in seeding-mediated propagation
(Volpicelli-Daley et al., 2011). This suggests that immunotherapy
might work by recognizing extracellular a-syn and protecting it
from CT truncation. Therefore, we investigated in an in vitro
system whether the antibodies against a-syn can also prevent the
propagation of a-syn and if the effect of the antibodies was de-
pendent of the presence of the CT of a-syn. To this end, we
developed a cell-based model in which B103 neuroblastoma cells
are plated in an insert containing a membrane that dives into the
chamber (Fig. 11C). The cells growing on the membrane (donor
cells) were infected with lentiviral vectors expressing FL or CT-
a-syn tagged with V5, or lentivirus vector alone as a control (Fig.
11A,C). In the bottom of the chamber, B103 cells infected with
LV-GFP only (recipient cells) were plated onto coverslips (Fig.
11A,C). The expression of the lentiviral vectors was first con-
firmed by immunoblot comparing the molecular weight of the
expressed constructs with the recombinant a-syn fragments ob-
tained after calpain-1 digestion (Fig. 11B). Twenty-four hours
after coculture, the control IgG (27-1) or the a-syn antibodies
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(9E4, 1H7, 5C1, and 5D12) were added to wells for 24 h. The
recipient cells were then analyzed by immunocytochemistry to
estimate the proportion of cells displaying the presence of the
FL-a-syn. In the experiments with donor cells expressing FL-a-
syn, ~80% of the recipient cells treated with the control IgG
showed the presence of a-syn (Fig. 11 E, F). In contrast, only 20%
of the recipient cells treated with 9E4, 1H7, and 5C1 displayed
a-syn immunoreactivity (Fig. 11 E, F). For the 5D12 antibody, an
average of 65% of the recipient cells presented a-syn immuno-
staining (Fig. 11 E, F). These results are consistent with the in vivo
and calpain-1 digestion studies showing that 1H7 and 5C1 re-
duced a-syn pathology and related deficits comparable to 9E4,
whereas 5D12 is less active.

To confirm that the effects of CT antibodies at reducing a-syn
propagation were dependent on the recognition of the CT do-
main of a-syn, experiments were performed with donor cells
expressing CT-a-syn (1-114, V5 tagged; Fig. 11 H,I). Remark-
ably, analysis of the GFP-tagged recipient cells showed a similar
percentage of cells positive for a-syn in wells treated with the
control IgG or the 9E4, 5C1, and 5D12 antibodies (Fig. 11 H,I).
The 1H7 antibody (epitope at aa 91-99) was able to reduce the
percentage of GFP cells positive for a-syn down to 45% (Fig.
11 H,I). Together, these studies support the notion that antibod-
ies against the CT of a-syn reduce both the accumulation and
propagation of neurotoxic a-syn.

Discussion
We have shown previously that passive immunization with the
monoclonal antibody 9E4 ameliorates deficits in the PDGF-a-
syn tg model by promoting autophagy (Masliah et al., 2011). In
the present immunotherapy study, we tested the efficacy of novel
monoclonal antibodies against the CT truncation site of a-syn
(1H7, 5C1, and 5D12) in an alternative PD-like model (mThy1-
a-syn, line 61). We found that, comparable to 9E4, immunother-
apy with the 1H7 and 5C1, and to a lesser extent 5D12, reduced
the accumulation and propagation of CT-truncated a-syn and
improved the axonal and motor deficits via a mechanism that
might involve protecting a-syn from CT cleavage.
Immunotherapy with the 5C1 analog of 9E4, but not with the
5D12 analog, reduced a-syn accumulation and related deficits in
vivo. Consistent with this finding, 5D12 blocked the CT cleavage
of a-syn and the propagation of a-syn to a lesser extent. The
explanation for these differences in activity between 5C1 and
5D12 is not clear. In the in vivo studies 5D12 titers were lower
than 5C1 and 1H7, but comparable to 9E4. However, and con-
sistent with previous studies, 9E4 was efficacious at titers compa-
rable to 5D12 (Masliah et al., 2011). Moreover, in the in vitro
assays, all of the antibodies were used at the same concentrations.
This suggests that there is probably a conformational difference
in the detection sensitivity of 9E4, 5C1, and 1H7 compared with
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5D12. In support of this possibility, when 5D12 was compared
with the other antibodies by immunoblot, the active antibodies
such as 9E4 and 5C1 recognized the 12 kDa CT-truncated frag-
ment of a-syn, whereas 5D12 only detected the FL-a-syn at 14
kDa. Moreover, by immunocytochemistry 9E4, 1H7, and 5C1
detected a-syn accumulation in the neuronal cell bodies and neu-
ropil, whereas 5D12 labeled mostly the neuronal perikaryon.

In addition to the novel effects of 5C1 (an analog of 9E4), the
present study also showed significant activity of the 1H7 mono-
clonal antibody in the in vivo and in vitro assays, which was pre-
pared against a slightly upstream site of the CT of a-syn (aa
91-99). Interestingly, 1H7 recognized the 12 kDa CT-truncated
fragment of a-syn by immunoblot. The mechanisms through
which 5C1 and 1H7 might block the CT truncation of a-syn are
not clear. However, it is known that the misfolded a-syn pene-
trates the cell membrane (Reynolds et al., 2011; Winner et al.,
2011; Tsigelny et al., 2012), where it can be recognized by anti-
bodies. In the case of 1H7, the aa 91-99 region of a-syn is close to
the highly hydrophobic and amyloidogenic NAC domain (61-95;
Uéda et al., 1993; Iwai et al., 1995a; Iwai, 2000), and binding to
domains in proximity with NAC could modify the folding of a-syn
and potentially block the CT truncation. Additional NMR and bio-
physical structural studies will be needed to better understand how
the antibodies interact with a-syn and modify its folding.

It has been suggested that the truncated species of a-syn can
originate from its incomplete degradation by the proteasome
(Liuetal., 2005) and lysosomes via cathepsin D degradation (Sev-
lever et al., 2008). Several proteases, such as neurosin (Kasai et al.,
2008), metalloproteinases (Sung et al., 2005; Levin et al., 2009),
and calpain-1 (Mishizen-Eberz et al., 2003), have also been re-
ported to cleave a-syn in vitro. Calpain-1 cleaves a-syn predom-
inantly in the CT region after aa 114 and 122 (Mishizen-Eberz et
al., 2003), and aggregates containing this CT-truncated a-syn
have been recovered from the brains of PD/DLB patients and in
a-syn tg models (Dufty et al., 2007; Nuber et al., 2013). In the
brains of PD/DLB patients, as well as in tg mice, CT-cleaved
a-syn accumulates in abnormal axons and synapses and corre-
lates with neuronal dysfunction (Games et al., 2013). Previous
studies have demonstrated that calpain-1-mediated truncation
renders a-syn prone to aggregate (Mishizen-Eberz et al., 2005).
Further, its presence in the core of Lewy bodies (Dufty et al., 2007;
Muntané et al., 2012) and its conversion into neurotoxic oligom-
ers that can propagate form cell to cell (Luk et al., 2012) indicates
arole of CT-cleaved a-syn as a possible seed in PD a-syn aggre-
gate formation. Utilizing a new antibody that recognizes the free
calpain-1 CT of a-syn (SYN105), we have shown recently that
this accumulation is a prominent event in our mThyl-a-syn tg
mice (Games et al., 2013). Moreover, mThyl-a-syn tg mice dis-
played significant motor deficits (Fleming et al., 2004) and neu-
rodegenerative phenotype that includes axonopathy (Games et
al., 2013) and loss of TH-positive fibers in the striatum (Chesselet
et al., 2012), making them an excellent model for testing the
efficiency of passive immunotherapy against the CT of a-syn.

Our results suggest that CT antibodies might stabilize the CT
domain of a-syn, making it less prone to proteolytic (and maybe
also nonproteolytic) truncation. Reducing CT truncation might
have as a consequence a reduction in toxic aggregate formation
and seeding-mediated propagation. However, based on our stud-
ies, we cannot rule out the possibility that the beneficial effects of
antibodies might involve other mechanisms as well. Further-
more, enzymes that cleave the CT of a-syn, such as calpain-1, are
usually membrane bound (Sato et al., 1995), so one hypothetical
site of interaction between a-syn, antibodies, and CT-cleaving
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enzymes would be the plasma membrane. Previous studies sug-
gest that a-syn penetrates the membrane, thus facilitating the
incorporation of additional a-syn monomers in the complex and
the formation of oligomers in the membrane (Tsigelny et al.,
2012). However, recent studies have shown that antibodies might
primarily target extracellular a-syn (Bae et al., 2012), so the pro-
teolytic protector effects in vivo would have to be against secreted
enzymes such as matrix metalloproteinases (Sung et al., 2005).
Our results show that, under certain conditions such as a-syn
overexpression, calpain-1 can be released to the extracellular envi-
ronment. It has been observed that 1-methyl-4-phenylpyridinium-
treated dopaminergic cells can release soluble factors such as
calpain that activate microglia and are selectively toxic to other
neurons (Levesque et al., 2010). Calpains are also externalized
during certain inflammatory processes and play a role in the mi-
croenvironment of inflammatory cells (Ménard and el-Amine,
1996). The presence of extracellular calpain suggests that CT-a-
syn could not only be generated intracellularly, but also in the
extracellular space under pathological conditions. In this sce-
nario, it is conceivable that antibodies targeting specific epitopes
on a-syn would block both the CT truncation and propagation of
extracellular a-syn, thus reducing its accumulation and neuro-
toxicity. This hypothesis is schematized in Figure 12.

Recent studies have shown that a-syn oligomers can be re-
leased by affected neurons and propagate to adjacent neurons
and glial cells, leading to neurotoxicity and inflammatory re-
sponses (Desplats etal., 2009; Brundin et al., 2010; Lee et al., 2010;
Angot et al., 2012; Bae et al., 2012; Danzer et al., 2012; Lee et al,,
2012), suggesting that immunotherapy might work by recogniz-
ing extracellular a-syn (Valera and Masliah, 2013). In support of
this possibility, we found that the antibodies against CT-
truncated a-syn that were most effective in vivo were those that
blocked the propagation of a-syn from neuron to neuron in vitro.
The rationale for these experiments was based on recent studies
showing that a-syn proteolysis enhances toxicity (Li et al., 2005;
Mishizen-Eberz et al., 2005; Michell et al., 2007) and propaga-
tion, and can occur in the extracellular space (Choi et al., 2011).

Finally, it is unclear what triggers a-syn aggregation in spo-
radic forms of PD/DLB (Lashuel etal., 2013). Alterations in a-syn
synthesis, aggregation, or clearance have been proposed to affect
the formation of toxic oligomers (Cuervo et al., 2004; Crews et al.,
2009; Crews et al., 2010). Therefore, strategies directed at reduc-
ing the CT truncation of a-syn, reducing a-syn propagation,
and/or promoting the clearance of oligomers might be of thera-
peutic value for PD/DLB. We have shown previously that immu-
nization with antibodies against the CT of a-syn can ameliorate
the behavioral and neuropathological deficits in tg mice by en-
hancing lysosomal clearance of a-syn (Masliah et al., 2005;
Masliah etal., 2011; Valera and Masliah, 2013) and, in the present
study, we have found that immunization also reduces CT cleav-
age and propagation of a-syn. Together, these studies support the
value of immunotherapy with antibodies directed against the CT
of a-syn for PD.
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